Abstract-Four calibration algorithms are studied for microwave polarimeters that use hybrid coupler-based correlators: 1) conventional two-look of hot and cold sources; 2) three looks of hot and cold source combinations; 3) two-look with correlated source; and 4) four-look combining methods 2) and 3). The systematic errors are found to depend on the polarimeter component parameters and accuracy of calibration noise temperatures. A case study radiometer in four different remote sensing scenarios was considered in light of these results. Applications for ocean surface salinity, ocean surface winds, and soil moisture were found to be sensitive to different systematic errors. Finally, a standard uncertainty analysis was performed on the four-look calibration algorithm, which was found to be most sensitive to the correlated calibration source.
I. INTRODUCTION
P ASSIVE microwave polarimetry, or polarimetric radiometry, is relatively new to earth remote sensing. While it has been quite useful over the last several decades in radio astronomy, only recently has microwave polarimetry been shown to be of utility for sensing geophysical quantities. Ocean surface wind direction remote sensing was indeed enabled by polarimetric radiometers (e.g., [1] and [2] ). Additionally, the use of polarimetry for removing the effects of ionospheric Faraday rotation (IFT) was proposed in [3] and electronic polarization basis rotation was described in [4] . We define a polarimeter, or polarimetric radiometer, as a radiometer that is designed to measure polarization information beyond the conventional dual-polarized radiometer. For example, a polarimeter might measure the correlation between the vertically and horizontally polarized fields, or it might measure 45 linear polarization. This information is then used to determine parameters of the polarization ellipse or the Stokes vector. Some examples of earth science polarimeter architecture can be found in [5] with specific implementation examples in [6] and [1] ; for a survey of astronomical polarimetry, see [7] .
In this paper, we are specifically studying the calibration of a hybrid coupler-based polarimeter of the type shown in Fig. 1 . Our objective is to determine the effects of calibration algorithms on the systematic errors of the measurement. The polarimeter measures the first three modified Stokes parameters in brightness temperature , , and . The modified Stokes vector in brightness temperature is defined (1) where is the wavelength, is Boltzmann's constant, is the detection bandwidth, and is the intrinsic impedance. The first two modified Stokes parameters are the vertical and horizontal polarized brightness temperatures measured by conventional dual polarization radiometers. The third and fourth Stokes parameters are measured by correlating the vertical and horizontal voltage signals. The hybrid coupler-based polarimeter is based upon the principle of correlation through synthesis of the 45 linear polarizations from the vertical and horizontal signals (2) where the subscripts and stand for 45 , respectively. We do not include the antenna system (reflector, feedhorn, and orthomode transducer) in this analysis. Antennas commonly have some cross-polarization coupling; however, antenna polarization effects are assumed to be compensated by the antenna pattern correction process, which is a conventional technique used in radio astronomical polarimetry [7] . The design and calibration methodologies of the antenna system and the receiver are separated into two independent parts, split at the antenna-receiver interface. Here, we are concerned only with calibration of the receiver. The polarimeter can be described by the following forward system equation: (3) where the elements of the left-hand vector are proportional to the average voltage at the detector outputs. We can assume that the cross-polarization terms in rows one and two of the gain matrix are made negligible through the appropriate use of isolators and amplifiers. Specifically, if a correlated noise source is used as in Fig. 1 , then the noise source itself must have enough isolation so that it does not introduce significant cross-polarization coupling invalidating the previous assumption. The radiometer contains two amplifier and filtering chains that form a conventional dual-polarization radiometer used to measure U.S. Government work not protected by U.S. copyright. and . In addition, signals from the two chains are combined using a 180 hybrid coupler and then detected to measure two additional slant-linear polarization brightness temperatures (for 45 linear or -pol) and (for 45 linear or -pol). The third Stokes parameter can be found from their difference:
. To study and quantify the quality of polarimeter calibration, we examine four calibration algorithms using a combination of hot, cold, and correlated calibration sources. Because (3) contains 12 unknowns, 12 equations are needed to completely calibrate the radiometer. The first three calibration methodologies presented do not have enough calibration looks to produce 12 equations, so assumptions are made about the hardware to supplement the calibration equation set. One might desire to use a reduced set of looks to maximize the time spent imaging vice calibrating. Doing so, of course produces systematic errors that must be controlled through design requirements and affect the polarimeter calibration uncertainty. The following methodology is used to study the four cases. First, a comprehensive forward model of the radiometer is developed in Section II. This model describes how signals propagate through the polarimetric receiver. Second, for each specific calibration case a modified radiometer equation is chosen such that it has a reduced number of degrees-of-freedom commensurate with the chosen calibration scheme. For example, if only a pair of hot and cold calibration looks are provided (two degree-of-freedom), then the system can only be modeled with two parameters per channel. This modified equation can be inverted to arrive at an estimate of called . Next, calibration equations are formed for computing the gains and offsets present within the modified radiometer equation. Into these equations, expressions for the radiometer outputs are inserted based on the actual forward model. Thus, the gains and offsets are found in terms of radiometer hardware parameters and calibration noise temperatures. Finally, these gains and offsets are inserted into the equation and the systematic errors are found. In Section IV, three scenarios (ocean surface salinity, ocean surface wind vector, and soil moisture remote sensing) using the polarimeter are considered. Given each of these three scenarios, quantitative examples of systematic errors are given for different calibration algorithms, and a quantitative uncertainty analysis is completed using the guidelines in [8] .
II. POLARIMETER FORWARD MODEL
In this section, the gain and offset parameters in (3) are computed based on the microwave properties of the radiometer circuits. Specifically, the parameters can be found in terms of the amplitude and phase behavior of the amplifier chains and hybrid coupler. This analytically based model can then be used to predict the actual behavior of the radiometer and is useful for determining the performance of a chosen calibration method, which is done in the remaining sections.
The amplifier and filter chains have Hermitian transfer functions and . The effects of the signal splitters, which couple the signals to the hybrid coupler, can be included in the transfer functions and do not need to be explicitly noted. The hybrid coupler is assumed to have negligible frequency dependence and to be well matched over the band of interest, which is not unreasonable for operation only over several percent of bandwidth. It can be shown that such a hybrid coupler, if reciprocal and lossless, has the scattering parameter matrix of the form (4) The reference phase planes are adjusted so that the scattering parameter is real and positive, and is the amplitude imbalance of the hybrid coupler in decibels. Amplitude imbalance is plotted versus the scattering parameter (normalized by ) in Fig. 2 . Ideally, and the imbalance is 0 dB. The phase term is the phase imbalance and ideally is equal to zero. We recognize that a lossless hybrid is difficult, if not impossible, to achieve in practice. The presence of loss would partially decouple the scattering parameters. However, the lossless model is sufficient for illustrating the effects of amplitude imbalance on the radiometer calibration.
The mean voltage out of each detector can be found using the above models (5) where is the detector sensitivity for polarization channel . The signum function in the exponent makes the phase-shift factor Hermitian. The gain-bandwidth products , or , are defined as (6) The gain of channel 2 can be referenced to channel 1 using a gain imbalance (7) where is the gain imbalance in decibels. The offsets resulting from detected receiver noise are (8) The integral in the expressions for the polarimetric channels and is essentially an inner product of and and by the Cauchy-Schwarz theorem, we can write (9) where is a bandpass equalization efficiency. It is affected by the differential phase and amplitude variations between the amplifier chains and by the phase imbalance of the hybrid coupler. A similar expression arises in radio interferometry and is similarly affected by the channel characteristics [9] . It is also effected by decorrelation caused by a group-delay difference (so-called fringe washing). Here, we assume that path lengths are equalized to cancel this effect.
While is determined by the combined effects of phase and amplitude variations, at least three different modes that affect its value can be identified: 1) hybrid coupler phase imbalance and/or uniform amplifier chain phase imbalance; 2) amplifier chain random phase differences; and 3) amplifier chain passband ripple differences. Below, the parameter is computed for each of these modes taken independently. First, hybrid coupler phase imbalance ( ) and/or constant phase difference between amplifier chains ( ) would appear as a cosine factor (10) The phase difference between the two amplifier chains across the passband, however, is rarely constant. If the phase difference is modeled as a uniform random variable with mean and limits , then can be found from the expected value of the inner-product integral (9) (11) where the operator is the expected value operator of the uniform random variable over the interval . Carrying out the integration and factoring out the coefficients identifiable with yields
The third mode to examine is passband ripple differences. The transfer functions can be parameterized to include sinusoidal amplitude ripple such that (13) where is the ripple amplitude and is the number of poles of a representative odd-order Chebyshev filter. The peak-to-peak ripple in decibels is . [Note that these transfer functions still satisfy (6) .] By substituting the above into (9), we find that (14) and is bounded (15) or if the ripple of the two channels is of equal amplitude , then (16) Fig. 3 . Dependence of () on peak-to-peak amplitude ripple of the passband response of the radiometer channels. A 2.5-dB ripple results in at most 4% reduction in efficiency.
The effect is quite small, for example a 2.5-dB ripple results in at most 4% reduction in efficiency. Fig. 3 shows the dependence of on peak-to-peak amplitude ripple in decibels. Other gain perturbations can occur besides amplitude ripple. For example, a slope in gain across a wide passband is not uncommon. The amplitude ripple model can be applied to study this case. Consider a radiometer with one channel that is flat (
) and the other with 3-dB variation ( ). To model a gain slope, set . The response of channel 2 varies 3-dB across the band with a half-cycle sinusoidal trend. Subsituting these values into (14) results in an efficiency of 98.6%.
Finally, the polarimeter forward model is found by rewriting (5) as a matrix equation of the form in (3) and is shown at the bottom of the page. Throughout the remainder of this paper, this forward model is used to describe how the polarimeter actually operates. It captures nonidealities such as differences in gain and phase of the amplifier and filter chains, and phase and amplitude imbalance of the hybrid coupler. Using this model, we determine the systematic errors of the polarimeter under four different calibration algorithms or cases in the following section.
III. CALIBRATION
Total power radiometers are conventionally calibrated using two sources of differing brightness or noise temperatures [10] . The polarimeter considered here is essentially four total-power radiometers, each sensitive to a different polarization, and is tempting to be calibrated as such. The four radiometers, however, are not entirely decoupled, and the calibration scheme should take this into account. Here, we consider four calibration algorithms and examine their effects on the systematic errors of the polarimeter. The errors manifest as depolarization (also known as polarimetric inefficiency [7] ) and/or cross-polarization coupling depending upon the choice of calibration method. Case 1 is the conventional two-look method. Case 2 is a three-look method that includes varying combinations of hot and cold sources. Case 3 is also a three-look method but combines Case 1 with a correlated calibration source. Finally, Case 4 uses the correlated source in conjunction with the three looks of Case 2 for a complete characterization of the polarimeter. In all four cases, we assume that the two total-power radiometers measuring and can best be calibrated using the conventional two-look technique. We, therefore, only consider the calibration of .
1) Case 1: Conventional Hot and Cold Calibration:
The first case is simply the conventional two-look calibration method used with standard total-power radiometers. Each channel is calibrated independently using a hot look and cold look by viewing two calibrators with differing brightness or noise temperatures. Because only two calibration states are used, only two calibration parameters can be found for each channel. The following is used for the Case 1 radiometer model for measuring and (18) As is seen above, only two parameters are needed for each channel: and for the 45 polarization ( -pol) and and for the 45 polarization ( -pol). Note, this particular reduction of (3) into (18) is not unique. However, it was chosen so that the -pol and -pol channels each have their own gain and offset pair, mimicking the vertical and horizontal polarizations. Solving for yields the estimate
The two calibrators are implemented as a matched load for the cold noise temperature and an additional coupled noise diode for the hot noise temperature as seen in Fig. 1 . For the -pol channel, the calibration equation is The noise temperatures and are the nominal noise temperatures (including errors) of the calibration sources. Note, if two sets of loads are used, one for each polarization, then we assume that the pairs are isothermal between channels. For (17) example, the vertical hot load noise temperature is assumed to be equal to that of the horizontal. Now, if the observed voltages as calculated by the complete forward model (17) are substituted into the gain and offset equations, the estimate can be found in terms of the input Stokes vector. First, we find that 
Here, the inadequacies of conventional two-look calibration are seen quite clearly. First, there is a gain term affecting , part of which is directly proportional to the bandpass equalization efficiency . As will be seen in Case 3, this error can be significantly reduced by using a correlated calibration source. Amplitude imbalance in both the receiver channels and the hybrid coupler also affect the gain of or the polarimetric efficiency, as it is called in the astronomical polarimetry literature.
The other error is cross-polarization contamination. Amplitude imbalance in the hybrid coupler actually causes mixing of the second (not modified) Stokes parameter ( ) into . This is easily shown by taking (25) and setting all pa- rameters to their ideal values (e.g., ) except for , which yields (26) Fig. 4 shows the amount of mixing into as a function of hybrid coupler amplitude imbalance. There is about 11.5% mixing per decibel of imbalance. The next calibration method Case 2 uses independent hot and cold looks to remove crosspolarization mixing.
2) Case 2: Independently Applied Hot and Cold Looks:
In situations where the cross-polarization mixing effect dominates the overall uncertainty [as in (26)], a third calibration state can be added to Case 1. In addition to the hot and cold looks, the third state is one channel viewing hot with the other viewing cold. To take advantage of this type of calibration method, the calibration topology of the radiometer must allow for the independent switching of the hot and cold sources. This is readily done by literally implementing the configuration shown in Fig. 1 . One such way is to use a switch, a matched load, and a coupled noise diode. On the other hand, if the calibration targets are viewed through the feedhorn, then some sort of external polarized source would be needed, and the explicit separation of the antenna from the receiver would be violated, further complicating the system. The Case 2 radiometer model is (27) Again, this specific reduction of (3) into (27) is not unique. For example, Case 3 in the next section also is a three-look calibration. Nonetheless, the use of separate gain terms explicitly includes the contributions of the vertical and horizontal polarizations to the -pol and -pol channels, for which the third calibration state effectively compensates. Solving for the radiometer equation to find the estimate yields (28) where the estimates and are taken from their respective total power channels. The gains and offsets are found as in Case 1 
The third calibration state primarily compensates for crosspolarization mixing. In essence, any residual offset is due to errors in estimating and . For example, if we simplify (32) by assuming that the amplifier chains are gain balanced ( ), the detectors have the same sensitivity ( ), and that the errors in estimated noise temperatures of the calibration looks are negligible, then (33) where and are the true brightness temperatures and and are the quantities estimated using the radiometer. Note that the residual offset is of similar form to the cross-polarization coupling in Case 1; however, the magnitude is not proportional to , but rather the error in the estimate of . As in Case 1, the bandpass equalization efficiency and errors in the hot and cold noise temperatures degrade the polarimetric efficiency. In fact, their effect is identical to Case 1. Unlike Case 1, however, the third calibration state has removed the effect of gain imbalance and coupler amplitude imbalance on the polarimetric efficiency. The remaining effects only deal in phase. Thus, for a given set of hardware, the third calibration state slightly compensates for polarimetric efficiency in addition to almost completely compensating for cross-polarization mixing.
3) Case 3: Calibration with Correlated or Polarized Source:
On the other hand, in situations where polarimetric efficiency is the dominating consideration, as opposed to cross-polarization coupling, the third calibration state can be replaced a with correlated source. Thus, the gain of the third Stokes parameter channel can be explicitly included in the Case 3 radiometer model (34) Inverting this model results in the following estimate of :
The gains and offsets are found as before, using -pol as an example (36) The value of the correlated noise temperature depends upon implementation. For example, if the output of a noise diode is split and then coupled into the two channels, is the diode noise temperature reduced by the coupling factor of the directional coupler. The sign of is determined by the relative phase of the coupled signals. When the noise diode is turned on, it adds power to the total power channel and generates a correlated signal mimicking a third Stokes parameter input. Solving the above for yields (37) where is given by (21). In addition to that for , the result for is identical to Case 1. The -pol results are similar. After substituting the calibration coefficients into (35), the following is found for :
(38) Now the calibration of is directly dependent upon the accuracy with which the correlated noise temperature is known. The polarimetric efficiency is compensated by the correlated noise source and any error in is transferred directly to . Additionally, like Case 1, is mixed directly into by coupler imbalance. The mixing ratio is within 0.1 percentage points of the Case 1 result shown in Fig. 4 .
4) Case 4: Full Calibration:
In the final case, the calibration schemes of the previous cases are combined to fully calibrate the radiometer. In other words, four calibration states are used: conventional hot and cold (from Case 1), mixed hot and cold (from Case 2), and correlated noise (from Case 3). With four calibrators come four degrees-of-freedom, allowing the polarimeter to be described by the following forward system equation:
(39) Note, the above is exactly the bottom two rows of the complete model in (3) . The third Stokes parameter estimate using this system is (40) Three gains and one offset can be found for each channel. Again using the -pol as an example, the calibration equation is (41) Not surprisingly, the expressions for the first two gain coefficients and are the same as for Case 2, is the same as Case 3, and the offset is the same as Case 1. Similar results occur for the -pol channel. This relation is indicative of the effects of the different calibration sources on the overall instrument calibration. The hot and cold looks help identify the offset, adding the hot-cold combination look differentiates the cross-polarization gain coefficients; and finally the correlated source, the third Stokes parameter gain coefficient.
The resulting estimate for is quite lengthy. It is, however, conceptually quite simple: the accuracy of the estimate is affected by how well the calibration noise temperatures are known and how well the radiometer channels are balanced in gain and phase. The full expression is where (42) As in the previous cases, we can identify polarimetric efficiency and cross-polarization coupling errors in the expression for . In the error terms there is interaction among the radiometer parameters. On one hand, systematic errors in the measurement are caused by errors in calibration noise temperature values, but the effect of these errors can be minimized by careful amplitude and phase balancing of the radiometer. If we assume, however, that all noise and brightness temperatures are known without error, then (42) degenerates to the error-free expression . Of course it is not possible to know the calibration and brightness temperatures with complete accuracy, so one must consider the effect of their uncertainty. Consider the simplification where the radiometer is perfectly balanced, but the calibration noise temperatures and estimates of and contain errors where
There are three main error modes in the above. First, any error in the nominal correlated noise temperature is transferred directly to . This dependence is not unexpected because the correlated noise source was added to compensate for the polarimetric efficiency. Second, leakage of and is caused by errors in the hot and cold noise temperatures and and . Third, there is a constant offset caused by errors in the calibration noise temperatures. At this point, it is instructive to examine the errors quantitatively by considering a case study radiometer.
IV. APPLICATIONS
In the previous section we have shown how the combination of imperfect hardware components, uncertainties in calibration parameters, and selection of calibration method causes systematic errors. In this section the results are applied to several remote sensing problems quantitatively demonstrating the effect of the calibration algorithm. Four scenarios are considered: ocean surface salinity (OSS), ocean surface winds (OSW), and soil moisture (SM) with and without antenna polarization basis (PBR) rotation. In both OSS and SM remote sensing the third Stokes parameter is used for Faraday rotation correction [3] , [11] . In OSW, the third Stokes parameter is used in wind direction retrieval, e.g., [2] . For the SM scenario, we add an additional case SM(b) that considers a 45 PBR within the antenna system. Such is relevant to a scanning radiometer antenna that has a fixed feed and a rotating reflector, where the polarization basis is continuously rotated and then electronically corrected in postprocessing [4] . We concentrate on examining the systematic errors and calibration uncertainty arising from systematic effects. We define this component of uncertainty based upon practices of the U.S. National Institute of Standards and Technology [12] and International Standards Organization [8] . A systematic effect is something that can produce a systematic error (or bias) in the measurement process. For example, uncertainty in an estimated calibration target emissivity would contribute to the uncertainty arising from systematic effects for a standard microwave radiometer. On the other hand, the random noise in a radiometer measurement due to finite integration time (i.e., NE T) does not fall under this category of uncertainty. Another way to consider this uncertainty is that which cannot be reduced by increasing the number of measurements. In our situation, the systematic effects and errors and their associated calibration uncertainty are driven by gain and phase balance behavior of the amplifier chains and the hybrid coupler and choice of calibration method. Performing multiple measurements or increasing integration time is not going to reduce the uncertainty caused by these effects.
The properties of a hypothetical case study radiometer of the form in Fig. 1 are listed in Table I . These values where chosen to represent some typical performance specifications of commercial off-the-shelf (COTS) components. Of course these values could differ depending upon the radiometer center frequency, bandwidth, and amount of effort invested in design and construction. Nonetheless, they are useful for demonstration purposes.
For the first application, the estimated is computed for each of the four different measurement scenarios using the first three calibration algorithms. (Calibration Case 4 was not included because there are no systematic calibration errors under our assumptions.) We assume that the calibration noise temperatures and and are perfectly known. This allows us to demonstrate numerically the effect of hardware nonidealities and different calibration methods on the measurement result. The results are presented in Table II . A general description of the scene, the incidence angle, observation band, and brightness temperatures are listed in the top rows of the table. The bright- Table II as well. For OSS, the errors are all greater than 0.5 K, which is higher than desired for the Faraday rotation correction application. (An error budget of 0.1 K is stated in [3] .) Thus, the Case 4 calibration algorithm is most likely needed. Clearly cross-polarization errors are dominant for OSW. In OSW the polarization contrast is relatively large ( 60 K) and couples into via imperfect hybrid coupler amplitude balance. Because signatures of OSW are often quite small ( 1 K), small amounts of coupling into are detrimental. The error is slightly worse for Case 3 because the leakage is emphasized by the polarimetric efficiency correction that occurs when the correlated noise source is included in the calibration.
The errors for SM(a) are similar to those for OSS. The required brightness temperature uncertainty for SM, however, is at least an order-of-magnitude less stringent than for OSS, which will relax the calibration requirement. On the other hand, the absolute errors for SM(b) in Cases 1 and 2 are much larger than those for the other scenarios. The larger value of coupled with a gain of 0.9 causes 3-K error in . Case 3, however, readily demonstrates the utility of the correlated noise source; the gain is corrected reducing the absolute error to a residual 0.2 K, which is from cross-polarization coupling. A correlated noise source is probably needed when an antenna with a rotating polarization basis is used in the radiometer. Whether or not correction of coupling using independent hot and cold looks is needed depends upon the expected amounts of IFT and the overall error budget. Further investigation is needed before a conclusion can be made as to the optimal calibration algorithm (optimal in the sense of the simplest implementation that meets requirements) for SM.
We have argued that paying special attention to radiometer component balancing can improve calibration errors. Two examples follow. Consider Case 3 for OSW. Here, the calibration error is an offset error. Offsets are caused in part by hybrid-coupler amplitude imbalance. Reducing the imbalance from 0.2-0.1 dB results in a 50% reduction of the offset error from 1.25 K down to 0.62 K. Next, consider Case 2 for SM(b). The gain error accounts for the 2.96-K error in the case study. If the mean phase imbalance was eliminated, then the resulting error would be reduced 44% to 1.65 K. Furthermore, if the phase difference variation across the passband was reduced from 20 down to 10 , the error would be reduced a total of 67% down to only 0.98 K. Depending upon the resources required to calibrate for these residual errors, expending energy to carefully balance the radiometer could be beneficial.
Because Case 4 has no systematic errors when the calibration noise temperatures are perfectly known, the simple numerical examples from above are not instructive. To generate errors using Case 4, we must assume that there is uncertainty in the calibration noise temperatures. This is typically done using the standard combined uncertainty expression (45) where ( , etc.) are the standard uncertainties. Using the numerical values for the scene from the OSS scenario, the above terms are evaluated and presented in Table III . We use the same 0.5-K value for all the calibration temperature uncertainties, which could arguably be too low or too high for any specific uncertainty. Nonetheless, using the same value is important so that the different contributions are not unduly weighted for the purpose of the example.
Of significant note in Table III is that the total uncertainty is dominated by the sensitivity to the correlated noise temperature uncertainty. Its contribution is approximately ten times greater than those of the other sources. The uncertainty could thus be approximated (46) where by examining (42) the sensitivity is approximately (47) Then sensitivity is driven by the ratio of the value of to the value of correlated noise temperature. Having a larger value of correlated noise temperature would improve the calibration because the errors are interpolation errors when lies between 0 and . Of course, this only holds if increasing the value of does not increase its uncertainty by a defeating amount or exceed the radiometer's dynamic range. The principle is similar to two-look calibration of a conventional total-power radiometer, whereby an optimal hot load temperature can be found by trading the uncertainty and sensitivity [13] .
V. SUMMARY AND CONCLUSION
We have proposed four calibration algorithms for microwave polarimeters that use hybrid coupler-based correlators. Because amplitude and phase imbalance in the radiometer components cause systematic errors in the third Stokes parameter measurement, careful consideration of calibration algorithms is necessary for reducing these errors. The four algorithms considered were: 1) conventional two-look of hot and cold sources; 2) three looks of hot and cold source combinations; 3) two-look with correlated source; and 4) four-look combining methods 2) and 3). When calibrating with method 1), the polarimeter has both gain and offset errors. Method 2) removes the offset error, while method 3) the gain error. Finally, method 4) compensates for all errors. The results obtained for the calibration methods were then applied to a case study radiometer in four different remote sensing scenarios. Applications for ocean surface salinity, ocean surface winds, and soil moisture with and without antenna feed PBR were considered. This numerical study illustrated that the required calibration technique depends upon the application. Offset errors were more detrimental than gain errors for ocean surface winds remote sensing. Ocean surface salinity sensing requires full calibration, and soil moisture sensing requires at least the correlated calibration source when used with a PBR antenna system. Because the four-look calibration method compensates for all systematic errors, a standard uncertainty analysis was performed to elucidate the dependencies on calibration source uncertainties. The largest sensitivity is to the correlated noise temperature. In particular, the value of the correlated noise temperature and its uncertainty can be traded to achieve a minimum total uncertainty.
